1964. -An apparatus is described which allowed control over both the electrical and chemical potential gradients across the isolated ileum of the rat and at the same time permitted the measurement of the transport of ions and water. Silver ions, released from the electrodes, affected ion transport. In the absence of complexing agents, the shortcircuit current (XC) fell during the 6o-min measurement period and was equal to the net sodium transport. With 10-3 M reduced glutathione in the bathing solution, the SCC was constant and equal to 94% of the sodium transport. With lo-4 M cysteine, the SCC was greatly increased. Sodium transport, also increased, was equal to 75% and chloride secretion to 20% of the EC. A mechanism by which silver ions stimulate sodium transport, is proposed. Comparison of water and salt transport between open-and short-circuited tissues indicated that chloride ions were more effective in producing water movement when transported from mucosal to serosal solutions directly through the tissue (open circuit) rather than via the Ag/AgCl electrode system (short-circuit experiments). epithelia such as frog skin and toad bladder, the desired degree of electrical control may be attained simply by placing the tissue symmetrically between the currentdelivering electrodes (30). This arrangement is unsatisfactory for the small intestine of small animals because only small planar sections may be obtained.
In order to study larger segments of intestine, two complications must be taken into account:
first, the cylindrical shape of the tissue and second, the fact that the absorptive activity for salts and water varies along the length of the intestine increasing from ileum to jejunum (7, I 0). This report describes a technique designed to meet both complications.
Furthermore, it will be demonstrated how this technique was used to correlate net ion transfer with the short-circuit current so as to measure the extent of active transport of Na+, Cl-and other ions.
METHODS AND PROCEDURES
The principle of the method for detection of the shortcircuit current has been described by Ussing and Zerahn (3 ) 0, viz., that the short-circuit current is that current which reduces the electrical potential across the tissue to zero.
The apparatus used for short-circuit studies of the ileum is illustrated in Fig. I , with the entire apparatus ( Fig. IA) being broken down into its two constituent parts (Fig. IB and C) as they are used during the mounting of the intestinal segments. Agar-KC1 bridges were placed on each side of the tissue to monitor the potential, and the external current was introduced by means of Ag/AgCl electrodes. The external current is carried by two Ag/AgCl electrodes ( Fig. IA and 23 ). The inside electrode is I 4-gauge silver wire, an 8 cm length of which is plated with AgCl. The outside electrode is a cylinder, 8 cm in height, 8.3 cm in diameter, of 0.008 in. silver foil. Only the inner face is plated with AgCl. All other surfaces of the Ag electrodes are covered with insulation (any commercial variety of nail polish). The plating procedure was performed according to Marmount The open ends were sealed with a very tight band of threads covered with wax. Small cuts were made, one on each bridge, at points corresponding to I .3 cm, 6 cm, and 6.7 cm along the plated length of the center electrode. These cuts were to establish electrical contact between the agar KC1 and the bathing solution, and thereby to monitor potentials at three points along the serosal surfaces of the intestinal segment. To avoid losses of KC1 from the agar bridges during short-circuit experiments, the center electrode with attached agar bridges was equilibrated overnight in physiological saline. The loss of KC1 on the following day was always less than 3 &hr.
One agar bridge was used to measure the potential on the mucosal side of the intestine (Fig. IA [10] [11] [12] cm proximal. A length of copper wire, covered with plastic was passed along the lumen and tied to the other end of the segment. The blood vessels were then severed and the ileal segment attached to the copper wire was removed and aligned end to end with the inside electrode at Q (Fig. IB) . The intestine was then everted and passed on to the inside electrode in one motion and finally tied to the nozzle of the upper glass vessel at D (Fig. II?) . After cutting free the copper wire, the lower assembly ( (Fig. IB) . The tip of the inside electrode (Q) was inserted into the lower tube (P), and the lower extremity of the tissue was secured to the glass tube at (M). The entire central unit ( Fig. IB and C values for the short-circuit current.
In a typical experiment (Fig. al?) the three values for the short-circuit current differ and the arithmetic mean of these values was taken as the mean short-circuit current across the tissue (Fig. 2C ). Between measurements of the shortcircuit current, made every 5 min, the applied current was set at the mean value. After removal of the tissue, the original current voltage relationship was checked to see that no change had occurred in the asymmetric potential between the recording electrodes.
The error in the measurement of the short-circuit current arising from electrical noise may be calculated as follows. At an applied current of 1.4 ma which corresponds to the short-circuit current in Fig. 2~4 , the reading of the asymmetric potential was 3.0 mv for the control and 9.0 mv for the experimental graphs giving a net voltage signal of 6.0 mv. The noise in the recorder tracing was within ened with inulin-free buffer and, after standing at 105 'C for 36 hr for dry-weight determination, immersed in 1.0 N trichloracetic acid (TCA) for 2 weeks. The TCA extract was analyzed for inulin, Na+, K+ and Cl-. In order to measure changes in tissue composition during the period of measurement of the short-circuit current, an adjacent segment of intestine of approximately equal length was also removed from the rat. This control segment was everted, attached to the nozzle of a 24 hypodermic syringe barrel, as described elsewhere (6) Likewise if Si F-P* and S~F-P-posmoles/ml are the initial and final osmolarities as determined by freezing point depression measurement, the total solute movement ASF-P. posmoles is given by stein, and Goldstein (23). Duplicate measurements lay in the range rt I % (P = 0.5) for samples from the serosal solution and r+2 % for samples from saline washings of the serosal compartment.
Results of experiments validating inulin as a volume indicator are given in Tables   1-4 . Table I demonstrates that, when inulin was present at 5 mg/ml only in the mucosal solutions, the appearance of inulin or inuloid material in the serosal solution in a 60 min period was negligible.
The small amount of inulin 0.070 mg/ml found in the 20 min serosal sample was due to the entrapment of mucosal solution into the serosal compartment during the mounting of the intestine on the apparatus.
After 80 min incubation, the mean inulin concentration had risen to 0.078 mg/ml the mean difference between initial and final concentrations being 0.009 SE = .003 mg/ml.
Since, in the shortcircuit experiments reported in the results section, inulin was present in the serosal solution at 5 mg/ml, the mean increase noted in Table I Table I with these findings it will be assumed that the mean serosal volume was 3.0 ml and the average water transport was 0.3 ml (Tables 8 and 9 ). Thus the observed increase in serosal inulin concentration of 0.009 mg/ml was equivalent to a net transport of 0.027 mg. Table 3 .
The experiments of Table 4 were designed to check the validity of equation 4 for inulin, Na+, K+, and Cl-; namely that the control and experimental tissues, after the 2o-min incubation period, had the same composition. Table 4 , was insignificantly different from unity (P = 0.05) for inulin and the three ions measured.
Na+ and K+ were measured by the method of Kingsley and Schaffert (I 5) using a Beckman D.U. flame photometer with photomultiplier attachment. Duplicate samples were taken from the serosal solution. At least three readings were made on each sample, each reading being followed by a standard differing by not more than 5 mM/ liter from the unknown.
The standard error in these readings did not exceed 0.3 % for Na+ and K+. with distilled, deionized Hz0 and divided into equal volumes, excess Na+ (5 mM) being added to one and excess K+ (5 mM) to the other. Each volume was evaporated to dryness to remove HNOS, the residue dissolved in water and analyses made for Na+ and K+. When ten ileal segments were analyzed in this way (Table  5) , 95%, SD = 3.2 %, of the tissue Na+ and 90 %, SD = 3.2 %, of the tissue K+ were recovered in the TCA extract. When added Na+ and K+ were taken through this procedure, recoveries averaged IOO %, SE = 2 %. ileal segments from six rats were incubated in the usual buffer system for 20 min and one segment of each pair extracted with 1.0 N TCA and the other with 1.0 N HNOS. The mean Cl-content per gram wet weight of the TCA segments was 56.7 PM, SE = 3.5 PM, and of the HNOS segments 57.4, SE = 2. I PM. The mean difference between the pairs was 0.6, SE = 1.6 PM.
The data of Table 5 are intended to indicate the probable magnitude of changes in tissue content of Na+, K+ and Cl-in the short-circuit experiments reported in the results section. Only tissue inulins were measured in the short-circuit experiments. Pairs of adjacent ileal segments from five rats were used. One segment of each pair acted as the 15-min control, the other as the experimental tissue being mounted on the apparatus and exposed to applied currents in the range &5 ma. Between 15 and 80 min there was a significant increase (P = 0.05) in inulin, Na+ and Cl-. The K+ change was not significant. The data of Tables 4 and 5 allow comparison of the inulin space and ion content of this in vitro preparation with published figures (I 7, 19, 26) of freshly excised rat small intestine.
The reported tissue contents, in PM/g wet wt, ranged from 42 (4.5) to 51 (6.5) for Na+, from 88 (7.5) to I 14 (6.5) for K+, and from 28 (7.5) to 44.5 (6.5) for Cl-. The figures in brackets are standard deviations. Comparison with the figures in Tables 4 and 5 indicates that the Na+ content of the in vitro preparation lies within the reported range, Cl-slightly higher and Kf very much lower. The similarity between the I 5-min and 8o-min K+ values of Table 5 indicates the K+ loss must have occurred during the first 15 min of incubation. The 8o-min inulin space (Table  5) of o. 123 ml/g wet wt compares with a published value (3) of 0.099 ml/g wet wt for guinea pig ileum. Table 6 describes how equations I through 6 were used to calculate the net ion entry into the serosal solution using primary data from the short-circuit experiment 7, I., Cf, and Ca are direct inulin measurements for which errors have already been specified. The error in & was taken as twice the standard deviation of the mean ratio of pairs (Table 4 ) and in If as twice the standard deviation of duplicate measurements made on the 8o-min tissues of Table 5 . Errors in Vt, It, and Vi were calculated from equations 2 through 6 by including the appropriate values of the primary data from experiment 7, Table  8 along with the % errors. Errors in & and Sf were taken as twice the standard error of the six readings for duplicate samples (see previous discussion).
Errors in As were calculated from equation 6. Calculated in this way, the error in net sodium transport amounted to *approximately 9 %. The larger figure for sodium error given in brackets is based on the uncertainty in inulin recoveries of Table 5 . Thus it may be argued that the standard error in the total inulin recoveries at 20 and 80 min lead to a net uncertainty of 3 % P = 0.05). This uncertainty will be incorporated in equations 5 and 6 and no matter how accurately the other terms in the equations may be known Vi will still contain a possible error of 3 %. This would lead to an error of the solution and any diffused Cl-in the agar bridge was measured and compared to the current passed. In ten experiments the mean discrepancy between Cl-release and applied current was 0.3 %, SE = 0.6 %.
The surface area of the ileal segment was calculated from its length as described by Fisher and Parsons (I I). Since the apparatus mounts ileal segments of 8 cm length, all segments studied for this report had approximately the same surface area, 36 cm? Variability in total surface area, due to differences between animals and in degree of stretching, was estimated by determining the dry weight of six ileal segments which had been mounted on the apparatus.
The mean dry weight was 0.25 g, SD = 0.05 g.
RESULTS
Results of short-circuit experiments are summarized in Tables 7-10 Table  7 agreed within the combined experimental error for sodium and current of 9 % except in experiment 3 where the discrepancy was I 3 %. The mean discrepancy between the paired current and sodium values was 3 %, SE = 2.9 % and was there- of 14 % for net Na + transport. By similar calculations it may be shown that the errors in measurement of total Cl-movement for experiment 7 (Table 8) was 9% based on an error of 0.8% in the measurement of Si and Sf. The error in ASp*p* (equation 7) was 15 % based on errors in SaP*P* and S~F*P* of 2 %. The primary data of experiment 7, Table 8 , was chosen for these error calculations because the data were typical of all short-circuit experiments reported in Tables 7, 8 , and 9. In fore insignificantly different from zero. In Table 8 agreement between Na+ and current figures was with experimental error except in experiment 3 where the error was I 3 %. The mean discrepancy of the paired figure was I %, SE = 4.4%. Comparison of the mean figures (8th row, Table 8) indicates that the movement of other ions was very small compared to sodium. The figures for Cl-movement do not differ from zero by more than the estimated experimental error of 9% except in experiment I. Statistically, the mean Cl-movement of Table 8 , -2 /s&M, SE = 1.8 PM, is insignificantly different from zero. As reported by others (II) part of the lactate produced in the mucosal cells was released into the serosal solution; In the experiments of Table 8 , an average of 9.3 PM were released. To test if the lactate anion was accompanied by H+, an additional six short-circuit experiments were performed and were identical in every way to those described in Table 8 . Back titrations with 0.01 N NaOH were made on samples from the serosal solutions.
The mean net release of titratable acidity was found to be 4.5 pEq/hr.
Since the back titration was carried out over the range pH 6.7-7.7, each H2P04-that entered the serosal solution released 0.53 H+ during the back titration.
If all the I .3 PM of inorganic phosphate released into the serosal solution ( Table  8 ) and including the mean figure of 3.8 pM/hr for H+ release, the net contribution of all these ions to charge transfer into the mucosal solution amounted to only 0.7 r.cEq. The intestine may have produced an ionic compound which was not measured in these experiments and which may have contributed to the short-circuit current. This possibility may be discounted for two reasons. First, the total solute movements calculated as the sum of individual solute movements (column headed chemical posmole Table  8) Table 8 . The radius of the circles is equal to one standard error.
calculated by equation 7 from freezing point depression measurements (columns headed freezing point yosmole). Experiment 2 is exceptional having a discrepancy of 34 %. The mean discrepancy of the paired figures for the chemical and freezing point posmole was 4.4 %, SE 6.9 %. Second, the movement of the ion species already measured in Table 8 gave a satisfactory balance of charge with the short-circuit current. Thus, summing up the mean figures of Table 8 and including the figure of 3.8 PEq for H+ release, the ion movement into the serosal solution was equivalent to 65 ,uEq of positive charge and the mean short-circuit current to 68 PEq of negative charge.
The fall in the short-circuit current, particularly evident during the first 30 min, in the experiments of Table 8 (Fig. 3) suggested that Ag+, released from the Ag/AgCl electrodes, was poisoning the tissue. To prevent binding of Ag+ to the tissue, IO-~ M reduced glutathione (GSH) was added to both mucosal and serosal solutions in the five short-circuit experiments of Table g. The current was now constant (Fig. 4) throughout the Go-min measurement period but considerably lower than the high initial values of Fig. 3 . In every experiment of Table g,  sodium transport was higher than the short-circuit current but only in experiments 2 and 5 was this difference in excess of experimental error. The mean difference of the paired figures was 10.4%, SE = 3.8 % and therefore statistically significant (P = 0.05). In distinction from Table 8 , Cl-enters the serosal solution in all cases and for experiments 2-4 of Fig. 3 . In fact, when the short-circuit current was measured immediately after mounting the tissues on the apparatus (Fig. 2C) , the current first rose and then passed rapidly over a peak. Thus the curves of Figs. 2C, 3 and 4 may be explained as follows : in the absence of free Ag+ (Fig. 4 ) the short-circuit current was small and constant. When small amounts of Ag+ became bound to the tissue, the short-circuit current was increased as in the peak values of Fig. 2C and the initial values of Fig. 3 . When larger amounts of Ag+ became attached to the tissue, the current was inhibited as in the last 30 min of Fig. 3 . Unfortunately, the peak in Fig. 2C occurred too early and was completed too rapidly to allow correlation with ion transport.
Thus, attempts were made to maintain the concentration of Ag+ at such a level as to produce stimulation but avoid inhibition. The presence of 10-4 M cysteine in the bathing solution provided the required conditions.
The short-circuit current remained high (Fig. 5) The metal probably first acts on the mucosal surface of the intestine. First, because the direction of current flow causes release of Ag+ to the mucosal solution and second because the serosal side of the columnar epithelial cells are protected by layers of muscle cells. Hg++ when added to the mucosal solution is also able to produce a temporary but small increase (20%) in the voltage and sodium transport across the ileum (4). Cd++ has been reported to increase sodium transport in kidney tubules and has been suggested to do so by interaction with a specific compound, metallo thionein (3 I). Since both Ag+ and Hg+f are powerful enzyme inhibitors, it is unlikely that these metals will directly stimulate active sodium transport but rather produce changes in the permeability properties of the mucosal cells. Thiol groups for which both Ag+ and Hg++ exhibit a high chemical affinity, have been shown to be important in the permeability of red blood cell membranes (32). Specifically, if sodium is transported across the mucosal cells of the ileum by a mechanism similar in general to that described for frog skin (29) or kidney (I a), a small increase in the sodium permeability of the mucosal-facing membrane would lead to an increased influx of sodium into the cell followed by a more rapid pumping of the ion out to the serosal side by the Na+-K+ exchange pump.
At higher concentrations of the metal (e.g., Tables 7 and 8, Fig. 3 ) the increase in mucosal permeability would be too great for the cellular pumps and would lead to osmotic lysis of the cell.
The active chloride secretion produced by low concentrations of Ag+ (Table  IO has been reported to be 1.08 times the isosmotic value (9). Thus the volume of water transported accompanying a given quantity of salt transported, was much lower in the short-circuited ileum. It has been demonstrated that, in the absence of osmotic and hydrostatic pressure gradients, water transport is dependent on salt transport (9). Thus the differences between the rates of water transport between open and short-circuited ileum were probably due to differences in salt transport.
Specifically, the chloride ion was not transported directly across the tissue in the short-circuit experiments of Table  8 , but was removed from the mucosal and added to the serosal solution by Ag/AgCl electrodes. Most of the chloride transported in Tables g  and IO also took place by this route. In other words, when chloride ions are transferred from mucosal to serosal solutions, they are much more effective in causing water movement when transported directly through the tissue.
